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Protein degradation via the ubiquitin proteasome system has
been shown to regulate changes in synaptic strength that under-
lie multiple forms of synaptic plasticity. It is plausible, therefore,
that the ubiquitin proteasome system is itself regulated by syn-
aptic activity. By utilizing live-cell imaging strategies we report
the rapid and dynamic regulation of the proteasome in hip-
pocampal neurons by synaptic activity. We find that the block-
ade of action potentials (APs) with tetrodotoxin inhibited the
activity of the proteasome, whereas the up-regulation of APs
with bicuculline dramatically increased the activity of the pro-
teasome. In addition, the regulation of the proteasome is
dependent upon external calcium entry in part through
N-methyl-p-aspartate receptors and L-type voltage-gated cal-
cium channels and requires the activity of calcium/calmodulin-
dependent protein kinase II (CaMKII). Using in vitro and in vivo
assays we find that CaMKII stimulates proteasome activity and
directly phosphorylates Rpt6, a subunit of the 19 S (PA700) sub-
complex of the 26 S proteasome. Our data provide a novel mech-
anism whereby CaMKII may regulate the proteasome in neu-
rons to facilitate remodeling of synaptic connections through
protein degradation.

Synaptic plasticity is a complex process that requires the selec-
tive remodeling of synaptic connections. A majority of this remod-
eling occurs post-synaptically, where neurotransmitter receptors,
scaffold proteins, and signaling molecules are modified in
response to neuronal activity (1). The incorporation of newly syn-
thesized proteins is required for long-lasting changes in synaptic
efficacy (2, 3). Protein degradation, on the other hand, provides an
additional mechanism to modify the stoichiometry of synaptic
proteins to promote, limit, or restrict plasticity.

The ubiquitin proteasome system (UPS)* is a major pathway
for protein turnover in eukaryotic cells. The selective degrada-
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tion of proteins via the UPS involves three steps; they are rec-
ognition of the target protein via specific signals, marking of the
target protein with ubiquitin chains by ubiquitin ligases, and
delivery of the target protein to the 26 S proteasome for degra-
dation (4). The 26 S proteasome is a large energy-dependent
protease consisting of two multiprotein subcomplexes; that is,
the 20 S proteolytic core and 19 S cap (PA700). The 20 S con-
sists of 28 subunits (« and B), 6 of which are catalytic, whereas
the 19 S consists of Rpt (ATPase) and Rpn (non-ATPase) regu-
latory subunits (5).

The UPS plays a crucial role in the development, mainte-
nance, and remodeling of synaptic connections (6-9). Addi-
tionally, pharmacological inhibition of the proteasome inhibits
various forms of synaptic plasticity (10-17). Several studies
have identified key synaptic proteins such as PSD-95, Shank,
GKAP, AKAP, SPAR, RIM-1, and GRIP1 that are regulated by
UPS-dependent protein turnover (10, 18 —21). In addition, it
appears that cohorts of synaptic proteins are degraded in
response to chronic activity blockade or up-regulation (18, 22).

Although ubiquitination has been widely studied, much less
is known about regulation of the proteasome itself. There is
increasing evidence that the proteasome may be regulated by
interacting proteins or posttranslational modifications such as
glycosylation or phosphorylation (23-26). Here, we set out to
determine how the proteasome is regulated in neurons. We
utilized live-cell imaging strategies to uncover the dynamics of
proteasome activity in cultured hippocampal neurons. We
found that both the blockade of action potentials (APs) with
tetrodotoxin (TTX) and the up-regulation of APs with bicucul-
line (BIC) had rapid and opposing effects on proteasome activ-
ity. In addition, increased proteasome activity was found to be
dependent upon external calcium entry in part through
N-methyl-p-aspartate (NMDA) receptors and L-type voltage-
gated calcium channels (VGCCs) and required the activity of
calcium/calmodulin-dependent protein kinase II (CaMKII). To
investigate the involvement of CaMKII in proteasome regula-
tion, we overexpressed the constitutively active CaMKII
(T286D) in HEK293T cells. CaMKII robustly stimulated the
activity of the proteasome. Additionally, CaMKIla directly
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phosphorylated Rpt6, a 19 S proteasome subunit in vitro.
Together, our data indicate proteasome function can be rapidly
controlled by neuronal activity, with CaMKII as a key regulator.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—a?2 proteasome (MCP21 mono-
clonal antibody (mAb)), a8 core proteasome (polyclonal anti-
body), and Rpt6 (mAb) antibodies were purchased from
Biomol. GFP antibody (full-length, polyclonal antibody) was
from Santa Cruz Biotechnology. The following pharmacologi-
cal reagents were used. 2-Amino-5-phosphonopentanoic acid
(APV), BIC, nimodipine, TTX, and 6-cyano-7-nitroquinoxa-
line-2,3-dione (CNQX) were from Tocris Bioscience. MG132
was from Peptide Institute. Cycloheximide was from MP Bio-
medicals. Adamantane-acetyl-(6-aminohexanoyl)(3)-(leuci-
nyl)(3)-vinyl-(methyl)-sulfone (vinyl sulfone), epoxomicin,
(*)-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), KN-93, and myristoylated autocamtide-2-related
inhibitory peptide (AIP) were from Biomol. Calpeptin was from
EMD Biosciences. Suc-LLVY-AMC fluorogenic substrate was
from Biomol. Purified calmodulin (human, recombinant) and
CaMKIle« (full-length human recombinant) were from Biomol.

DNA and Sindbis Constructs—RSV-CaMKII T286D was a
kind gift from Anirvan Ghosh (University of California San
Diego, LaJolla, CA). CaMKII T286D was amplified by PCR with
primers containing Xbal and Stul with 5" and 3’ overhangs,
respectively. The PCR products were ligated into the Xbal and
Stul sites of SinRep5 (Invitrogen). GFPu (in EGFP-C1 plasmid
backbone; Clontech, Palo Alto, CA), a fusion of the CL1 degron
(degradation signal) on the carboxyl terminus of GFP, was
kindly provided by Ron Kopito (Stanford University, Palo Alto,
CA). GFPu is ubiquitinated and specifically degraded by the
proteasome (27-29). GFP-odc (in EGFP-C1 plasmid backbone;
Clontech), a fusion of the ornithine decarboxylase (odc) degron
on the carboxyl terminus of GFP, was also kindly provided by
Ron Kopito. GFP-odc is targeted directly to the proteasome for
degradation in an ubiquitin-independent manner (30, 31). The
Agel-BsrGI fragment from photoactivatable (pa) GFP (a kind
gift provided by Jennifer Lipponcott-Schwartz, National Insti-
tutes of Health, Bethesda, MD) was subcloned into the Agel-
BsrGI sites of the GFP, GFPu, and GFP-odc plasmids. paGFPu,
paGFP-odc, and the paGFP (no degron control) open reading
frames were amplified by PCR with primers containing Nhel
and BamHI 5’ and 3’ overhangs, respectively. The PCR prod-
ucts were ligated into the Nhel-BamHI sites of pCMV-IRES-
mCherry. pCMV-IRES-mCherry was created by subcloning
mCherry (pRSETB-mCherry; a kind gift from Roger Tsien,
University of California San Diego, La Jolla, CA) into IRES2-
EGFP (Clontech). This was done by ligating the BamHI (blunt-
ed)-BsrGI mCherry-containing fragment into BstXI (blunted)-
BsrGI sites. For Sindbis virus construction, the Nhel-Xbal
reporter-IRES-mCherry containing fragment from pCMV-
paGFP, paGFPu, and paGFP-odc plasmids were subcloned into
the Xbal site of SinRep5. All constructs were confirmed by
DNA sequencing. For production of recombinant Sindbis viri-
ons, RNA was transcribed using the SP6 mMessage mMachine
kit (Ambion, Austin, TX) and electroporated into baby hamster
kidney cells using a BTX ECM 600 electroporator (BTX,
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Holliston, MA) at 220 V, 129 ohms, and 1050 microfarads. Virion
were collected after 24—32 h and stored at —80 °C until use.

Neuronal Cultures—Rat dissociated hippocampal neurons
from postnatal day 1 or 2 were plated at a density of 45,000
cells/cm? onto poly-p-lysine-coated coverslips or glass-bottom
35-mm dishes (Mattek, Ashland, MA) and maintained in B27-
supplemented Neurobasal media (Invitrogen) for 17 days or
more as previously described (32). High density rat cortical or
hippocampal neurons from postnatal day 1 were plated onto
poly-D-lysine-coated 6-well dishes (~500,000 cells/well) and
maintained in B27 supplemented Neurobasal media.

Confocal Microscopy—For all imaging purposes, we used a
Leica (Wetzlar, Germany) DMI6000 inverted microscope
outfitted with a Yokogawa (Tokyo, Japan) spinning disk con-
focal head, an Orca ER high Resolution B&W Cooled CCD
camera (6.45 um/pixel at 1X) (Hamamatsu, Sewickley, PA),
Plan Apochromat 40X/1.25 NA and 63x/1.4 NA objective,
and a Melles Griot (Carlsbad, CA) argon/krypton 100-milli-
watt air-cooled laser for 488/568/647-nm excitations. Con-
focal z-stacks were acquired in all experiments. Photoactiva-
tion of reporter constructs was achieved with 100-watt Hg>*
lamp through a D405/40X excitation filter and 440 DCLP
dichroic mirror (Chroma, Rockingham, VT) (10 -15-s expo-
sure times for photoactivation).

Live Imaging—For Sindbis virus infection of mature hip-
pocampal neurons (>21 days in vitro) on glass-bottom 35-mm
dishes, paGFPu, paGFP-odc, or paGFP reporter virion were
added directly to culture media. Expression was allowed to con-
tinue for only 12—14 h to prevent cytotoxicity. The medium was
then replaced with HEPES-based saline solution containing 119
mm NaCl, 5 mm KCl, 2 mm CaCl,, 2 mm MgCl,, 30 mm glucose,
10 mm HEPES with the appropriate pharmacological treat-
ments. To determine basal rates of reporter degradation, cells
were preincubated for 20 min in HEPES-based saline with
either vehicle (DMSO) or proteasome inhibitors (MG132 25
M, vinyl sulfone 1 um, or epoxomicin 1 um) at ~35 °C using a
ceramic heat lamp (ZooMed, San Luis Obispo, CA). The bath
temperature was continually monitored by a digital probe ther-
mometer. Infected neurons (identified by mCherry expression)
were then photoactivated for 10-15 s with a 100-watt Hg>*
lamp and a D405/40X with 440 DCLP dichroic filter set
(Chroma). For live imaging of neurons, the primary dendrites
from pyramidal-like neurons were selected. Confocal Z-stack
images (with 0.5-um sections) were acquired with a 63X objec-
tive every 2, 3, or 4 min (as indicated) for the duration of the
time lapse experiment. In some experiments (as indicated) both
GFP (excitation 488 nm) and mCherry (568 nm) images were
acquired. In others, GFP was acquired every time point,
whereas pre- and post-mCherry time lapse images were
acquired. For treatment of neurons with APV (50 um), CNQX
(40 wum), calpeptin (10 um), KN-93 (10 um), AIP (5 um), or
Ca®"-free containing HEPES-based saline, cells were similarly
preincubated, selected by mCherry expression, photoactivated,
and imaged by time-lapse microscopy. All pretreatments were
for 15 min except for AIP (30 min). For treatment of neurons
with TTX or BIC alone or with various combinations of other
pharmacological treatments in HEPES-based saline, TTX or
BIC was added to the bath after an initial 10-minute imaging
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period (12 min for paGFP-odc). Time lapse imaging followed
for an additional 20-min period (48 min for paGFP-odc). Imag-
ing of control and BIC-treated cells was interspersed between
different treatments to verify that the degradation rates of our
reporters under control and BIC-stimulated conditions in indi-
vidual dendrites performed throughout the study did not vary
significantly from the grouped data.

Florescence Intensity Quantitation—All imaging was
acquired in the dynamic range of 8 or 12 bit acquisition (0-255
and 0-1024 pixel intensity units, respectively) with Simple PCI
(Hamamatsu) imaging software. For quantitation of reporter
degradation, straightened dendrites from maximum projected
confocal z-stacks were analyzed with NIH Image]. Images were
thresholded above background. Total integrated fluorescence
intensity was measured from entire (proximal and distal
regions) dendrites at each time interval and expressed as the
percent change from time 0. Grouped analysis of dendritic flu-
orescence decay over time from each treatment group is plotted
as line graphs (mean = S.E.). The degradation rate of reporter
fluorescence decay is obtained by taking the difference of total
fluorescence loss (arbitrary units (AU)) over time (F, —
F ,/time,) from individual experiments. The mean degradation
rate = S.E. per treated group is then divided by the control rate
to obtain the “relative to control” value. In some cases the deg-
radation rate was extracted from smaller defined time windows
after the addition of activity-altering pharmacological drugs to
highlight and compare dynamic changes in reporter degrada-
tion. For statistical analysis, degradation rates were compared
using Student’s ¢ tests. p values are listed in Table 1 and supple-
mental Table S1.

26 S Proteasome Fluorogenic Peptidase Assays—In vitro assay
of 26 S proteasome chymotryptic activity was performed as
previously described (33) with slight modifications. HEK293T
cells were transfected with Rous sarcoma virus CaMKII T286D
for 24—-36 h. Neuronal cultures were transduced with CaMKII
T286D by Sindbis virus. Cells were lysed in proteasome activity
assay buffer (50 mm Tris-HCI (pH 7.5), 250 mMm sucrose, 5 mm
MgCl,, 0.5 mm EDTA, 2 mm ATP, 1 mm dithiothreitol, and
0.025% digitonin). 100 um fluorogenic substrate Suc-LLVY-
AMC was then added to lysates in a 96-well microtiter plate.
Fluorescence (380-nm excitation, 460-nm emission) was mon-
itored on a microplate fluorometer (HTS 7000 Plus,
PerkinElmer Life Sciences) every 4 min for 2 h at room
temperature.

[P2P]Orthophosphate Live Labeling and Immunoprecipitation—
HEK293T cells were transfected with CaMKII (T286D) for
24-36 h. Cultured cortical neurons or HEK293T cells were
live-labeled for 2 h in alow phosphate HEPES-buffered solution
(34) (5.6 mm KCI, 0.2 mm KH,P0,, 137.6 mm NaCl, 2.4 mm
NaHCOj,, 5.6 mMm glucose, 0.4 mm MgSO,, 0.5 mm MgCl,, 1.26
mMm CaCl,, 20 mm HEPES (pH 7.4)) with 0.40 mCi/ml
[*?P]orthophosphate added to each well (of a 6-well culture
dish). Cells were lysed in proteasome immunoprecipitation
buffer (25 mm Tris (pH 7.5), 15% glycerol, 2.5 mm MgCl,, 5 mm
ATP, 5 mm sodium pyrophosphate, 50 mm sodium fluoride, 1
mM sodium vanadate, 1 mm dithiothreitol, 0.5% Nonidet P-40).
Lysates were immunoprecipitated with the indicated antibod-
ies and resolved by SDS-PAGE. **P labeling was detected with a
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Typhoon Scanner (GE Healthcare) and analyzed using Image-
Quant TL (Amersham Biosciences).

In Vitro Phosphorylation of PA700, the 19 S Regulator of the
26 S Proteasome—19 S proteasome was purified from bovine
red blood cells as described previously (35). PS-1 and PS-2 sub-
complexes of the 19 S were purified as described previously
(36). Phosphorylation reactions were conducted with autoacti-
vated CaMKIla. CaMKIla was activated in reactions contain-
ing 100 um ATP, 1.2 um calmodulin, 10 mm MgCl,, and 2 mm
CaCl,. After incubation for 10 min at 30 °C, activated kinase
was incubated with 19 S. Assays contained 5 um CaMKIle, 45
uM19S, 100 uMm [y->*P]ATP (500 mCi/m mol), 50 mm Tris-HCl
(pH 7.6), 2 mm dithiothreitol, and 10% glycerol in a final volume
of 50 ul. Control reactions contained either no kinase or no 19
S. After various times of incubation at 30 °C samples were
treated with SDS sample buffer and subjected to SDS-PAGE
and autoradiography.

RESULTS

Action Potential Blockade and Up-regulation Produce Rapid
and Opposite Effects on Proteasome Activity in Hippocampal
Dendrites—To determine the effects of neuronal activity on
proteasome function, we utilized a GFP-based reporter imaging
strategy to monitor the rate of proteasome activity in the den-
drites of cultured hippocampal neurons. GFPu is a fusion of the
CL1 degron, a 16-amino acid hydrophobic sequence first iden-
tified in yeast (29), with the carboxyl terminus of GFP (28). It
has a very short half-life (<30 min) in mammalian cells and is
constitutively ubiquitinated and degraded by the proteasome
(27-29). We modified GFPu by replacing GFP with a pa variant
(37) (Fig. 1A) to monitor the fluorescence decay of an isolated
population of reporter proteins after photoactivation. paGFPu
was expressed in mature hippocampal neurons (>21 days in
vitro) for 12—-14 h by Sindbis viral delivery. mCherry, a mono-
meric variant of red fluorescent protein (38), was simulta-
neously expressed by an internal ribosomal entry site (IRES)
sequence to identify infected neurons before photoactivation of
paGFPu (Fig. 1, A and B). After photoactivation, paGFPu fluo-
rescence decay was monitored by confocal time-lapse imaging.
paGFP (control reporter that lacks the CL1 degron) was utilized
to account for the effects of diffusion and photobleaching.

We found that paGFPu was rapidly degraded (as monitored
by its fluorescence decay) in hippocampal dendrites (Fig. 1C),
which is consistent with reported findings of GFPu degradation
in mammalian cells (28). When paGFPu-expressing cells were
treated with three different proteasome inhibitors (25 um
MG132, 1 uM vinyl sulfone, and 1um epoxomicin), the degra-
dation rate of paGFPu was significantly blocked to levels of
paGFP, which lacked the CL1 degron (mean rates of degrada-
tion = S.E. relative to control: MG132, 23.9 % 16.1%; vinyl
sulfone, 22.6 = 11.9%; epoxomicin, 35.8 + 7.4%; paGFP, 10.3 =
10.3%; Fig. 1, C, E, and F and Table 1).

We next asked what the effect of blocking APs with TTX or
up-regulating APs with BIC would be on proteasome activity.
After monitoring paGFPu degradation in hippocampal den-
drites for a 10-min control period, BIC (40 uM final) or TTX (2
uM final) was added to the bath solution. paGFPu-expressing
dendrites were then imaged for an additional 20 min (2-min
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FIGURE 1. Action potential blockade and up-regulation produce opposite effects on proteasome activity
in hippocampal neurons. A, schematic of the pa UPS reporter Sindbis constructs. The CL1 degradation signal
(degron) is fused to the carboxyl terminus of paGFP (non CL1 containing control reporter), converting itinto an
ubiquitin-dependent proteasomal degradation reporter (paGFPu). mCherry is co-expressed using an IRES
signal. B, representative image of a hippocampal neuron infected with paGFPu before (PRE) and after (POST)
photoactivation. mCherry is expressed to locate infected cells before photoactivation. C, CL1 degron promotes
degradation of paGFPu. Straightened dendrites from representative time-lapse experiments of cultured hip-
pocampal neurons expressing paGFPu alone, paGFPu plus MG132 (25 um), or paGFP. paGFPu fluorescence
decay is observed in dendrites and is blocked by the addition of the proteasome inhibitor MG132. No signifi-
cant fluorescence loss is observed in paGFP (no degron control)-expressing dendrites. D, representative
straightened dendrites from time-lapse experiments in which cultured hippocampal neurons expressing
paGFPu were treated with TTX (2 um), BIC (40 um), or BIC plus MG132 (25 um), and imaged every 2 min for 20
min. Time of treatment is indicated by black arrows. E, grouped analysis (plotted as line graphs, mean = S.E.) of
dendritic fluorescent intensity normalized to time 0 for control (paGFPu alone), MG132, TTX, BIC, BIC plus
MG132-treated neurons, or paGFP (no degron). F, bar graph depicting the mean degradation rate = S.E. (AU)
per treated group normalized to the control (paGFPu) rate of fluorescence decay. BIC dramatically increased
paGFPu rate of degradation, most significantly in the first 10 min, whereas TTX blocks paGFPu degradation (¥,
p < 0.05;**, p < 0.001, relative to paGFPu (control)). See Table 1 for rates of degradation and p and n values. The
scale bar for all images is 10 um.
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intervals). Relative to control-
treated neurons, BIC significantly
increased the paGFPu rate of degra-
dation (167 * 15.2% relative to con-
trol; Fig. 1, D—F, and Table 1). The
rate of paGFPu degradation in BIC-
treated neurons was most pro-
nounced within the first 10 min
after the addition of BIC (233 =
15.2% relative to control; Fig. 1F,
Table 1). This effect was specific to
proteasome-mediated turnover of
paGFPu as the BIC-induced in-
crease in paGFPu degradation was
blocked in cells that were pretreated
with the proteasome inhibitor
MG132 (25 um), but not with a spe-
cific calpain inhibitor, calpeptin (10
uM) (relative to BIC: MG132 + BIC,
379 £ 7.6%; calpeptin + BIC,
96.6 £ 9.9%; Fig. 1, D—F, Table 1).
Furthermore, minimal effects of
BIC were observed on the fluores-
cence decay of the paGFP control
reporter (31.3 = 3.0% relative to
BIC; Table 1). Interestingly, we also
observed in the majority of BIC-
treated neurons that the highest
rates of paGFPu degradation initi-
ated and persisted in spines for
more than 10 min (supplemental
Movie S1).

In contrast, we observed opposite
effects on paGFPu degradation by
AP blockade. We found the rate of
paGFPu degradation to be signifi-
cantly attenuated in cells that were
treated with TTX (46.5 * 4.1% rel-
ative to control; Fig. 2, D—F, Table
1). Furthermore, application of
TTX rapidly increased ubiquitin
conjugate levels in neurons in a
manner similar to cells treated with
proteasome inhibitors (supplemen-
tal Fig. S1). These results indicate
that the activity of the proteasome is
rapidly tuned to increased or
decreased neuronal activity.

To confirm these results we uti-
lized an additional GFP-based
degradation reporter. Ornithine
decarboxylase (ODC) is a well
characterized cellular protein sub-
ject to ubiquitin-independent pro-
teasomal degradation (31, 39 -40).
Fusion of amino acids 422-461 of
the degradation domain of mouse
ornithine decarboxylase to the car-
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boxyl-terminal end of GFP promotes its degradation by the
proteasome (30). As with paGFPu, we modified the GFP-odc
proteasome reporter with the pa variant of GFP (37) (Fig. 24).

TABLE 1
paGFPu rates of degradation
p values were determined by two-tailed unpaired Student’s ¢ test.
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Degradation of paGFP-odc is independent of the ubiquitination
cascade, allowing us to monitor the activity of the proteasome
exclusively. We found paGFP-odc to be degraded in hippocam-
pal dendrites in a proteasome-dependent manner (Fig. 2, B and
C, supplemental Table S1). We then examined the effect of
blocking or up-regulating APs on proteasome activity by mon-
itoring the degradation of paGFP-odc. As observed with
paGFPu, we found that BIC increased the rate of paGFP-odc
degradation, whereas TTX significantly attenuated its degrada-
tion (BIC, 149 *+ 15.6% relative to control; TTX, 11.9 * 9.2%
relative to control; Fig. 2, B-D, supplemental Table S1). The
largest increase in the rate of paGFP-odc degradation occurred
immediately after the addition of BIC (679 * 70.6% relative to
control; Fig. 2D, supplemental Table S1). Taken together, these
results suggest that the activity of the proteasome can be rapidly
and dynamically regulated in hippocampal dendrites by

Regulation of Proteasome Activity by External Calcium—Be-
cause of the rapid and dynamic nature of proteasome regulation
by neuronal activity, we hypothesized that calcium (Ca®")
might be a regulator of proteasome function in neurons. During
action potentials, extracellular Ca®>* enters postsynaptic den-
dritic and spine compartments largely through NMDA recep-
tors and L-type VGCC (41, 42). Furthermore, the influx of Ca**
into postsynaptic compartments regulates many biochemical

Conditions Rate of degradation 4 No. 1me}ged
value dendrites
% Fluorescence decay/2 min
Control” 2.43 = 0.50 21
MG132 0.58 +0.39 0.009 16
Vinyl sulfone 0.55 £ 0.29 0.025 9
Epoxomicin 0.87 = 0.18 0.035 11
Calcium-free 0.67 £0.19 0.012 13
APV 1.34 = 0.27 0.115 13
Nimodipine 1.70 = 0.05 0.418 7
CNQX 2.14 = 0.28 0.704 10
BIC, ¢ 10 min 5.67 = 0.51 <0.001 27
BIC, ¢ 20 min 4.06 £ 0.37 0.01 27
BIC, ¢ 60 min 1.65 = 0.07 0.47 5 changes in neuronal activity.
AMPA 5.90 = 0.34 <0.001 11
TTX 1.13 = 0.10 0.02 19
KN-93 1.39 = 0.12 0.076 16
paGFP? 0.25 £ 0.25 0.003 13
BIC” 4.06 £ 0.37 27
MG132 + BIC 1.54 = 0.31 0.001 8
Calpeptin + BIC 3.92 = 0.40 0.814 15
paGFP? + BIC 1.27 = 0.12 <0.001 12
APV + BIC 1.90 = 0.26 <0.001 14
Nimodipine + BIC 1.67 = 0.30 0.001 10
CNQX + BIC 1.25 *+0.16 0.003 5
KN-93 + BIC 1.58 = 0.11 <0.001 17

“ Indicates reference category.
® paGFP, no-degron control reporter.

A
paGFP-odc .-l IRES H mCherry |-
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signaling pathways that are involved in controlling synaptic
strength (43). To determine whether proteasome activity
required the influx of external Ca®*,

we monitored the degradation rate

of our reporters in neurons incu-

% bated with Ca®>"-free media for 15

min. The rates of paGFPu and
paGFP-odc degradation were atten-
uated to levels comparable with
neurons treated with proteasome

1.1
< inhibitors (relative to control: paG-
3 _ 2 05l O ,(5'1' &(\. Q)\o FPu, 27.6 * 7.8%; paGFP-odc,
1.0 g o 20.2 * 21.1%; Table 1 and supple-
2 7 9 3 )
@ L mental Table S1). This suggests that
9 D = external Ca®™ entry into dendrites is
f= c O . P
— 0.9 SE required for proteasome activity.
3 33 To determine the mode of Ca**
o 528 . .
8 gz entry that was involved in regula-
f=4 w N . .
9 0.81 s tion of the proteasome, we moni-
o & Cantrol = MG152 g5 tored paGFPu degradation in neu-
. g B8Cc ¥ X - N e rons treated with NMDA receptor
"o 10 20 30 40 50 o{éo ) antagonist APV or L-type VGCC
Time (min) . t= 8 min antagonist nimodipine. Application

FIGURE 2. Action potential blockade and up-regulation produce opposite effects on proteasome activity
in hippocampal neurons as monitored by our ubiquitin-independent proteasome reporter (paGFP-
0DC). A, schematic of the paGFP-odc reporter Sindbis construct. The degradation sequence (degron) of ODC
isfused to the carboxyl terminus of paGFP, converting itinto an ubiquitin-independent reporter of proteasome
activity. mCherry is co-expressed using an IRES signal. B, grouped analysis (plotted as line graphs = S.E.) of
dendritic paGFP-odc fluorescence intensity normalized to time 0. Cultured hippocampal neurons expressing
paGFP-odc were treated with DMSO (Control), MG132 (25 um), BIC (40 um), or TTX (2 um) and imaged every 4
min for 48 min. C, bar graph depicting the mean degradation rate =+ S.E. (AU) per treated group relative to the
control (paGFP-odc) rate of fluorescence intensity. TTX significantly blocks paGFP-odc degradation, whereas
BIC significantly increases the rate of degradation. As expected, the rate of paGFP-odc degradation is blocked
by MG132 (¥, p < 0.05; **, p < 0.001, relative to control). D, the BIC induced degradation was most dramatic in
the first 8 min (**, p < 0.001, relative to control for 0-8-min time point). See supplemental Table 1 for rates of
degradation and p and n values.
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of APV or nimodipine slightly
attenuated the rate of paGFPu deg-
radation when compared with the
control paGFPu degradation rate
(relative to control: APV, 55.1 *
11.1%; nimodipine, 70 = 2.1%;
Table 1). However, both APV and
nimodipine significantly attenuated
BIC-stimulated degradation of
paGFPu (relative to BIC: APV,
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46.8 * 6.4%; nimodipine, 41.1 * 7.4%; Table 1). This suggests
that NMDA receptors and L-type VGCCs are required for the
BIC-induced increase in proteasome activity. Furthermore, we
also found that blocking synaptic activity with the competitive
AMPA receptor antagonist, CNQX, also significantly attenu-
ated BIC-stimulated paGFPu degradation (30.1 * 3.9% relative
to BIC; Table 1). Indeed it has been previously reported that
post-synaptic activity-dependent Ca®" influx is highly sensitive
to AMPA receptor blockade (44, 45). Taken together, these
results suggest that external calcium influx through postsynap-
ticNMDA receptorsand L-type VGCCsisimportantforactivity-
dependent proteasome function in neurons.

Regulation of Proteasome Activity by CaMKII—Ca>" influx
through postsynaptic compartments leads to a subsequent
activation of Ca®>*-dependent kinases, such as CaMKII, to
modulate changes in synaptic strength (46). Phosphorylation of
substrates can regulate targeting of these proteins for ubiquiti-
nation and proteasomal degradation (47). Additionally, the
proteasome itself has been shown to be phosphorylated (24).
We wondered if CaMKI], a key plasticity kinase, regulates pro-
teasome function in neurons. We found that the BIC-stimu-
lated degradation of paGFPu was significantly attenuated in
hippocampal neurons when pretreated for 10 min with a
CaMKII inhibitor, KN-93 (10 um) (38.9 = 2.7% relative to BIC;
Table 1). Additionally, KN-93 blocked BIC-stimulated degrada-
tion of paGFP-odc, especially 8 min after stimulation (19.7 =+ 4.6%
relative to BIC at 8 min; supplemental Table S1). Treatment
with KN-93 alone only slightly attenuated the degradation of
paGFPu or paGFP-odc (relative to control: paGFPu, 57.2 =+
4.9%; paGFP-odc, 80.7 = 3.7%; Table 1 and supplemental Table
S1). One potential caveat to these results is that KN-93 has also
been shown to inhibit other calcium/calmodulin kinase family
members (48). To obtain specificity we treated neurons with
myristoylated-AIP, a cell-permeable, highly specific, and
potent inhibitor of CaMKII (49). BIC-stimulated degradation of
paGFPu was significantly blocked in neurons pretreated with
myristoylated AIP (5 uMm) for 30 min (40.1 * 8.6% relative to
BIC; Fig. 3). These results suggest that CaMKII regulates pro-
teasome activity in response to increased APs. Because inhibi-
tion of CaMKII blocked increased neuronal activity-dependent
proteasome function, we next asked if the activation of CaMKII
could increase proteasome activity. To do this we overex-
pressed a constitutively active form of CaMKII (T286D muta-
tion (50, 51)) in HEK293T cells and performed in vitro and in
vivo proteasome activity assays. To test in vivo proteasome
activity we co-transfected our proteasome reporter GFPu along
with either CaMKII T286D or a control vector in HEK293T
cells. GFPu protein levels were significantly decreased in cells
expressing CaMKII T286D after 2 h of protein synthesis inhi-
bition (GFPu protein levels at time 120 min: control, 63.1 =
1.6%; CaMKII T286D, 31.1 = 7.5; Fig. 4, A and B). Steady state
levels of GFPu were also dramatically lower in CaMKII T286D-
transfected cells (GFPu fluorescence relative to control: 45.6 *
2.5%; supplemental Fig. S2, A and B). This is likely because of
increased proteasome activity and not an impairment of pro-
tein synthesis, as the addition of proteasome inhibitor MG132
increases the levels of GFPu in both control and CaMKII-ex-
pressing cells (supplemental Fig. S2, A and C). To determine
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FIGURE 3. CaMKIl is required for activity-dependent proteasome func-
tion in hippocampal neurons. A, the increased degradation of paGFPu
induced by BIC is significantly blocked by CaMKIl inhibitor myristoylated AIPII
(AIP, 10 um). A, line graphs display grouped analysis (£S.E.) of dendritic pro-
teasome reporter fluorescence intensity normalized to time zero. B, bar
graphs depict the mean degradation rate = S.E. (AU) per treated group rela-
tive to the control rate of fluorescence intensity (n = 8, 19, and 20 imaged
dendrites for control, BIC, and AIP + BIC respectively; *, p < 0.01).

whether this was a direct effect on proteasome function by
CaMKII, we assayed lysates for in vitro proteasome activity with
the fluorogenic proteasome substrate Suc-LLVY-AMC. Lysates
from HEK293T cells transfected with CaMKII T286D had sig-
nificantly increased proteasome activity as measured by AMC
hydrolysis (153 * 12% relative to control; Fig. 4C). This was not
merely because of an increase in total proteasome levels, as
Western blot analysis showed similar amounts of core and cap
proteasome subunit levels (Fig. 4D). Furthermore, hippocam-
pal neurons infected with CaMKII T286D Sindbis virion also
had a slight but significant increase in proteasome activity as
measured by Suc-LLVY-AMC cleavage (114 = 3.2% relative to
control; Fig. 4E) despite less than 50% viral infection. Together
these results suggest CaMKII is a regulator of proteasome
function.

Phosphorylation of Proteasome by CaMKII—Because inhibi-
tion of CaMKII blocked activity-dependent proteasome activ-
ity, and overexpression of a catalytically active CaMKII
increased proteasome activity, we hypothesized that phos-
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FIGURE 4. CaMKII regulates proteasome function. A, HEK293T cells were cotransfected with GFPu and either CaMKII T286D or control vector (3-galactosid-
ase). Cells were treated with protein synthesis inhibitor cycloheximide (CHX) for the indicated time lengths, and equal amounts of protein were resolved by
SDS-PAGE and probed for total GFPu protein levels. WB, Western blot. B, quantification of total GFPu protein levels in A. CaMKIlI stimulates the rapid degradation
of the GFPu proteasome reporter. *, p < 0.05, t test; n = 3. C, HEK293T cells were transfected with either CaMKIl T286D or control vector, and lysates were
assayed for 26 S proteasome activity with fluorogenic substrate Suc-LLVY-AMC. A bar graph depicting final fluorescent values (mean = S.E.) relative to control
is shown. CaMKlI significantly stimulates 26 S proteasome activity in vitro (*, p < 0.05, t test; n = 10). D, Western blotting shows similar amount of total core (a3
proteasome) and cap (Rpt6) proteasome subunits for HEK293T cells transfected with either CaMKIl T286D or control vector. E, cultured rat hippocampal
neurons were infected with control (GFP only) or CaMKIl T286D (coexpressing GFP) Sindbis virion for 20 h (~50% infection rate). Proteasome activity was
measured by Suc-LLVY-AMC hydrolysis. AMC fluorescence increased by 14.2 * 3.2% in neurons overexpressing CaMKII T286D (*, p < 0.01, t test; n = 15).
F, Western blotting similar equal amount of total core (a3 proteasome) and cap (Rpt6) proteasome subunits for neurons infected with either CaMKII T286D or
control virus.

phorylation of the proteasome may regulate its function. Phos-  tion by affecting assembly, activity, or interactions (24, 26, 53).
phorylation of proteasomes has been reported in non-neuronal  To test if proteasomes are directly phosphorylated by CaMKII,
cell types by both casein kinase 2 and protein kinase A (26,52-55).  we performed in vitro kinase assays using highly purified 19 S
This phosphorylation is believed to regulate proteasome func- (PA700) and 19 S subcomplexes (PS-1 and PS-2) as substrates
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tional 19 S subcomplexes that do
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subunits, produced no labeled pro-
teins (Fig. 5B and data not shown).
Interestingly, Rpt3 and Rpt6 previ-
ously have been reported to be
phosphorylated (53, 56). To deter-
mine the identity of the labeled pro-
tein we performed Western blotting
with antibodies against Rpt3, Rpn9,
and Rpt6 as well as other 19 S sub-
units with this approximate size.
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grated with Rpt6 (Fig. 5B). To fur-
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FIGURE 5. CaMKlla phosphorylates Rpt6, a specific subunit of 19 S/PA700. A, equimolar amounts of 19S or
PS-1 (19 S subcomplex) were subjected to phosphorylation reactions with CaMKIl« and [*2PJATP under iden-
tical conditions and subjected to SDS-PAGE and autoradiography. CaMKIl phosphorylates a 19 S subunit of
~45 kDa (arrowhead). B, phosphorylated 19 S, PS-1, or PS-2 (19 S subcomplex that does not contain Rpt6) were
subjected to SDS-PAGE, and samples were analyzed by protein staining, autoradiography, and Western blot-
ting (WB) for the indicated 19 S subunits. Gels are aligned for direct comparison. C, the *?P-labeled proteins
were excised from the gel, solubilized, and re-subjected to SDS-PAGE. The gel was analyzed for labeled protein
and subjected to Western blotting for the indicated proteins. D, representative autoradiogram of
[*?Plorthophosphate labeling for immunoprecipitations (IP) of Rpt6 from cortical neuron lysates. Normal
mouse serum (NMS) served as a control immunoprecipitate. The two highly phosphorylated bands at 45-47
kDa (**) present in the RPT6 IP are likely Rpt6 and another 19 S Rpt subunit. Two highly phosphorylated bands

at 70-80 kDa (*) do not correspond to any proteasome subunits.

(36). CaMKII catalyzed the incorporation of [*?P]phosphate
from ATP into a single band of both 19 S and PS-1, a subcom-
plex of 19 S that contains only 2 of the 6 Rpt subunits found in
intact 19 S. This band had an approximate molecular mass of
about 45 kDa and was indistinguishable between 19 S and PS-1
(Fig. 5A4). After long incubations a second, minor band
appeared in some experiments. The sizes of both the major and
minor labeled proteins were similar to those of subunits Rpt3,
Rpn9, or Rpt6. Kinase reactions with PS-2 and PS-3, two addi-

26662 JOURNAL OF BIOLOGICAL CHEMISTRY

changes in proteasome activity were
observed (supplemental Fig. S3, A
and B). Additionally we measured
26 S proteasome assembly from iso-
lated 20 S proteasome and 19 S sub-
complexes and again observed no
effect after CaMKII phosphoryla-
tion (supplemental Fig. S3C). This
suggests that CaMKII phosphoryla-
tion of proteasomes likely affects
proteasome activity via regulation
of interactions of additional factors not present in our highly
purified in vitro system.

We next asked whether CaMKII phosphorylates Rpt6 in
vivo. HEK293T cells transfected with CaMKII T286D were
labeled with [**P]orthophosphate. Proteasomes were immu-
noprecipitated with an antibody to the a2 subunit previously
shown to effectively pull down human proteasomes (57). We
observed a CaMKII-dependent phosphorylation of a protein
with the approximate molecular mass of 45 kDa, similar to
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that of Rpt6 (supplemental Fig. S4, A and B). Indeed, we also
observed highly phosphorylated proteins that migrated at
~45 kDa in Rpt6 immunoprecipitates from *?P live labeled
rat cortical neurons (Fig. 5D). Together with our in vitro
phosphorylation experiments, these data indicate that Rpt6
is phosphorylated by CaMKIL.

DISCUSSION

In vertebrates changes in the composition of the postsynap-
tic density are regulated by synaptic activity. These changes are
bidirectional and require the activity of the UPS (18, 22). It is
quite plausible that neuronal activity activates regulates UPS
function to control the stoichiometry of proteins at synapses.
Regulated proteolysis by the UPS has been typically studied at
the level of the ubiquitination. However, there are hundreds of
E3 ubiquitin ligases identified in the mammalian genome, each
which may be dynamically regulated by various cellular signals.
Therefore, mapping E3-substrate relationships remains a diffi-
cult task in all cell types. This is even more evident in neurons,
as the distribution of UPS components in functionally distinct
compartments is likely regulatory for their function. For
instance, subcellular regulation of an SCF-type E3 complex in
flies contributes to precise synaptic connectivity through selec-
tive synapse elimination (58).

However, the proteasome itself is also dynamic in nature. For
instance, subunit composition, core association with regulatory
cap complexes, and interactions with accessory proteins have
all been shown to control the specificity and activity of the pro-
teasome (23, 59 —61). Furthermore, there is a growing body of
literature that indicates proteasomes to be modified by post-
translational events such as phosphorylation (53, 62). Recently,
it was shown that proteasomes rapidly redistribute from dendritic
shaft to dendritic spine compartments in response to synaptic
stimulation. This redistribution was found to be dependent
upon NMDA receptor activation (63). A subsequent report
showed that NAC1, a cocaine-regulated transcriptional protein
that interacts with the proteasome, regulates the trafficking of
the proteasome in an activity-dependent manner (64). These
data suggest that synaptic activity can promote the recruitment
and sequestration of proteasomes to locally remodel the pro-
tein composition of synapses. However, a clear understanding
of the synaptic molecular mechanisms involved to regulate pro-
teasome trafficking and activity is far from understood.

In our current study we report the rapid and dynamic regu-
lation of proteasome function by neuronal activity. Action
potential blockade or up-regulation produced rapid and oppo-
site effects on the activity of the proteasome as monitored by
our fluorescent proteasome reporters. The activation of protea-
some by increased action potentials required external calcium
influx through NMDA receptors and L-type VGCCs. UPS com-
ponents may be regulated directly by Ca*>* (65— 68), and it has
been reported that the release of Ca®>* from intracellular stores
transiently activates the 26 S proteasome (69). Our findings are
in line with these studies, and they provide evidence for Ca>"
signaling in the regulation of the proteasome activity in
neurons.

To further explore the role of calcium signaling in regulation
of the proteasome, we investigated the involvement of calcium
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activated kinase cascades. We identified CaMKII as a novel reg-
ulator of proteasome activity in neurons. CaMKII is a calcium-
dependent protein kinase that plays a key role in neuronal
behavior, development, and plasticity (48). We found that BIC-
stimulated activation of the proteasome to require the activity
of CaMKII. Additionally, overexpression of a constitutively
active form of CaMKII robustly stimulated the proteolytic
activity of the proteasome. We have identified Rpt6, a 19 S
regulatory subunit of the proteasome, to be phosphorylated by
CaMKII. This is the first time to our knowledge that CaMKII
has been shown to phosphorylate the proteasome. Interest-
ingly, Rpt6 has also been shown to be phosphorylated by pro-
tein kinase A in non-excitable cells (53). We, therefore, cannot
rule out a role for protein kinase A in regulation of proteasome
in neurons. CaMKII and protein kinase A both phosphorylate
targets at similar substrate recognition motifs (70). Further-
more, CaMKII has been shown to be activated in neurons stim-
ulated with the protein kinase A agonist forskolin (71, 72).
However, both Zhang et al. (53) and our findings identify the
phosphorylation of Rpt6 in the regulation of proteasome
function. This is significant because components of the 19 S
complex have been shown to be important regulators of 26 S
proteasome assembly and activation (73). Because CaMKII-de-
pendent phosphorylation of Rpt6 did not directly regulate pro-
teasome activity in vitro, we hypothesize that other regulatory
factors, not present in our reconstituted and highly purified in
vitro assay, may be required. Associated proteins have previ-
ously been found to regulate various aspects of proteasome
function (23, 64, 74). Interestingly, both proteasome and
CaMKII translocate from dendritic shaft to dendritic spine
compartments in response to neuronal activity in a similar
timeframe (63, 75, 76). This potentially indicates that the phos-
phorylation of the proteasome by CaMKII may regulate its traf-
ficking in neurons.

Interestingly, recent studies on fear memory in rodents indi-
rectly support our hypothesis that CaMKII regulates activity-
dependent proteasome function in neurons. First, Lee et al. (17)
showed that infusion of a proteasome inhibitor into the CA1
region of the hippocampus immediately after memory retrieval
prevented protein synthesis inhibition-induced memory
impairment as well as the extinction of fear memory. This sug-
gests proteasome-dependent protein degradation underlies the
destabilization processes after fear memory retrieval. Second,
Cao et al. (77) showed that transient CaMKIla overexpression
at the time of recall impairs the retrieval of new and old fear
memories. Their analysis suggested that excessive CaMKIla
activity-induced recall deficits are caused by the active erasure
of the stored memories rather than disrupting the retrieval
access to the stored information (77). Therefore, proteasome
inhibition and excessive CaMKII« activity produce opposite
effects on retrieval and extinction of fear memory. In their dis-
cussion, Cao et al. (77) postulate the involvement of the UPS.
Indeed, our data suggest that CaMKII-dependent regulation of
the proteasome may play a key role in active erasure of stored
memories.

Proteasome function has been shown to be required for var-
ious learning and memory and behavior related paradigms such
as long term potentiation (11, 12, 17, 78, 79). Our findings sup-
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port a role for the direct modulation of proteasome activity in
neurons to be important for synaptic plasticity. This is substan-
tiated by our findings that CaMKII regulates proteasome activity
which provides a mechanistic link for the regulation of protea-
some function by neuronal activity. Phosphorylation of protea-
somes by CaMKII may directly affect the interactions of regu-
latory proteins to modulate the assembly, activity, or
localization of the proteasome. This in turn can facilitate pro-
tein degradation and alterations in the stoichiometry of synap-
tic proteins to promote, limit, or restrict synaptic plasticity. We
predict neurons to utilize this mechanism to synergize tunable
proteasome activity with the dynamic ubiquitination of sub-
strates for degradation. Moreover, because both UPS dysfunc-
tion and aberrant Ca®* signaling have been attributed to several
neurodegenerative diseases such as Alzheimer and Huntington
diseases, it will be interesting to determine whether misregula-
tion of proteasome phosphorylation is involved in the patho-
genesis of these diseases (80, 81).
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